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the running of the electromagnetic coupling

2
i—n runs with energy

the QED coupling a =

_ a
Q) = -7 200)

® in the Thomson limit, the fine-structure constant is known at 0.23 ppb
al =0 =0)"! =137.035999 139(31)
® atthe Z pole, in the Ms scheme, oc(s)(MZ)_l = 127.955(10)
main uncertainty to the running: the hadronic contribution

Apoga(Q) = 4nall(Q%),  I1(0% = I(Q?) - I1(0)

is proportional to the subtracted hadronic vacuum polarization

® extracted from hadronic cross-section data
Ana0@P(2GeV) = 58.71(50) x 1074, A, qaP(M4) = 0.027 64(7)
® or computed on the lattice
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https://dx.doi.org/10.1007/JHEP11(2015)215
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motivation — global Standard Model fits

1000 T ——T ——T
T, Gpae Ry Ry (10) [ T T ]

------ Z pole asymmetries (10) 11 ]
5000 ——* 2”,:;2:;2 o) 11 b excluding direct measurement,

— \ ]
300 direct M,, I I

I 2l except direct M, (90%)[ ! ! MH — 90+16 GeV
200 11 -17

the HVP contribution to the running

50 ® s strongly correlated with a;'VP
30k i ® s a main input in global SM fits
20 // py shift of £10™* in 4,,,a®(2 GeV)
’ ’ - = shift of 4.5GeV in M
ol L v v L e L T
160 165 170 175 180 185

m, [GeV]

if the (g — 2);4 discrepancy is solved by an increase of the SM determination of alHlvp
= correlated increase in Ay ,4@
= lower M g from global fits
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https://dx.doi.org/10.1103/PhysRevD.78.013009

motivation — 7-channel scattering

the leading hadronic contribution to (g — 2)/4 from the running of «

1
aEVP=§ / dx (1 = 0)Aa4(Q). Q% =

0 1—x
with the integrand peaked at x ~ 0.914, Q2 ~ 0.108 GeV2.
MUonE experiment @ CERN: measure the Q2 dependence of a

® in the range 0 < x < 0.932, corresponding to Q” < 0.14 GeV?
® 0.932 < x < 1 or Q* 2 0.14 GeV* accounts for 13 % of a/}*

= lattice input for the intermediate region 0% =0.14 — 4GeV?
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https://dx.doi.org/10.1016/0370-1573(72)90011-7
https://dx.doi.org/10.1016/j.physletb.2015.05.020
https://dx.doi.org/10.1140/epjc/s10052-017-4633-z

the running of the electroweak mixing angle

the electroweak mixing (Weinberg) angle 6y, parametrizes the mixing between the SU(2); and U(1)y sectors of the

Standard Model. At tree level,

g/2

)
sin” Oy = ———,
w 2 +g2

M2
or sin20w =1- —';V,
z

where g and g’ are the SU(2); and U(1)y coupling respectively
® Z vector coupling v, =T, — 20, sin? H;ﬁ

® weak charge of the proton QpAp) ~ 1 —4 sin? Ow

like the couplings, the mixing angle is renormalization scheme and energy dependent
sin” Oy, (Q) = sin” 0y [1 + Asin® Oy (Q)],
and the leading hadronic contribution to the running

dra

Appg Sin® 0w (0) = —————T1177(Q%),  I177(Q*) = M?#7(Q% — IT%7(0),

sin? Oy
is proportional to the subtracted Z-y hadronic vacuum polarization
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https://dx.doi.org/10.1393/ncc/i2011-11011-0

the running of the electroweak mixing angle

0.225

0.245 RGE Running T T T T T
+ Particle Threshold . .
Measuromonts. experimental values measured at colliders enter
ooakb ISL“‘fE'“ l"““’" i global SM fits
1
—_ Qweak )
=3 —
3 I NN sin By (M ) = 0.23129(5)
< 0.235F =
=
©n
Tevatron AEZ' jLc upcoming experiments at low Q2
0.23F -4
o ® MOLLER @ JLab
o * P2 @ MESA, Mainz
107 107 107" 1 10 10° 10° 10

107
HIGeV]

the running to the Thomson limit is affected by non-perturbative QCD physics that

® can be extracted from hadronic cross-section data
sin® By, (0) = 0.23868(5)(2),  (Ms scheme)

with additional input for flavor separation

® or can be computed on the lattice
= lattice easily provides flavor separation
hadronic running of electroweak couplings
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http://pdg.lbl.gov/2019/reviews/rpp2018-rev-standard-model.pdf
http://pdg.lbl.gov/2016/reviews/rpp2016-rev-standard-model.pdf
https://arxiv.org/abs/1411.4088
https://dx.doi.org/10.1140/epja/i2018-12611-6
https://dx.doi.org/10.1007/JHEP03(2018)196
https://dx.doi.org/10.1007/JHEP11(2015)215
https://dx.doi.org/10.22323/1.251.0110
https://dx.doi.org/10.22323/1.251.0263

the hadronic vacuum polarization

we want to compute the subtracted hadronic vacuum polarization

S . dra
A,050(Q) = 4mall7(Q7)  Aygysin® Oy(Q) = ———1177(0")
sin” Oy

(0,0, - 5,,0HITX1(Q%) = M,/ (0% = / d*x @@ (jX(x)j1(0))

of the e.m. current and the vector part of the Z current

; 2_ 1 - 1_ 2 _
= S = gdyﬂd = 35S+ 30

T 1_ 1- 1_ 1_
Ji = 200 = Zdyﬂd = 25us + ZEv,cs

.z _ .13 .2 .y
Ji =Jy —sin OwJpus

on the lattice [Burger et al. 2015; Francis et al. 2015; Gilpers et al. 2015]
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https://dx.doi.org/10.1007/JHEP11(2015)215
https://dx.doi.org/10.22323/1.251.0110
https://dx.doi.org/10.22323/1.251.0263

the time-momentum representation (TMR) method

introduced for the HVP contribution to (g — 2);4

. 3
ne» = / dxo G(xo) [x%— izsin2<%>], Glxg) = —x / &Ex Y GEO).
0 0 2 3 k=1

HVP
"

® CLS ensembles, four lattice spacings, one physical M, My ensemble

= using correlators from Ny = 2 4 1 Mainz effort in computing a

® non-perturbatively O(a)-improved vector currents
® two discretizations: local-local and local-conserved
® correction for finite lattice volume is included

in principle, any Q2 can be input in the kernel

® atlarge QZ, high sensitivity to cut-off effects

HVP
"

® simpler large-distance systematic
= no loss of signal in the tail of the connected correlator

® w.rt.thea case, the kernel has a shorter range
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https://dx.doi.org/10.1103/PhysRevD.88.054502
https://dx.doi.org/10.1103/PhysRevD.100.014510
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https://dx.doi.org/10.1103/PhysRevD.99.014519

the TMR method — contributions to the integrand

comparing ﬁ(QZ) at different Q2 to al":VP

relative contribution to the TMR integral [%]

100 1

80 1

60 1

401

20 1

a‘I:IVP

— 11(0.1GeV?)
— 11(0.5GeV?)
1(1.0GeV?)

using a model for the Euclidean-time correlator
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https://dx.doi.org/10.1140/epja/i2011-11148-6

the TMR method — contributions to the integrand

comparing I1(Q?) at different O to ai'®

using lattice data at physical M (E250) for the Euclidean-time correlator (connected contribution only)

Marco Ce (HIM, JGU Mainz)

relative contribution to the TMR integral %]
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... ."t*t
S
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lattice correlators
with SU(3) £ notation, in the isospin-symmetric limit (light quark £: either u or d):

)
Gi(x) = =Cp (%),

2
G = £ [l + 205w + 200 ),

Gl = —= [l (0 - G + D),

2V/3

where the connected and disconnected Wick’s contractions are
20 = (1o D7 (v 0,07 0.0, } ),

Dii,’fz x)= <Tr{ D}ll(x, x)Y, } Tr{ D;zl (0,0)y, } >,

and the relevant correlators are given by (note: G4, = 2G> and G2, =3G - G%)
1
G =GP + -G% :
3
GZY — 1 2 0 G;/}/ 1 GOS
= (7 —sin"Ow -—

6V/3
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preliminary results — running on the lattice

0.08
- 33
— 88, conn.
0.061 — 08, conn.
— ¢, conn.
S 0.04
=
0.02 1
/
0mo0
‘“9,/—0‘002-
= — 88, disc.
—0.004 1 — 08, disc.
0 i 2 3 4 5 6

0’ [GeV?]

D200: M, ~ 200MeV, a = 0.064 26(74) fm

le.  Anga(1GeV) = 0.003957(14)(4)(1),
L. 0.003 869(14)(4)(1)

Marco Ce (HIM, JGU Mainz) hadronic running of electroweak couplings

at 0% = 1 GeV?
l.c. LI

33 0.03226(13)  0.03185(14)
88 0.02526(5) 0.024 85(5)
08  0.00600(8)

c 0.002664(6)  0.002246(5)
88  —0.00057(12) —0.00057(12)
08  —0.00120(36)

Aoy sin? 0y, (1 GeV) = —0.004 026(12)(11)(0)
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preliminary results — running on the lattice

0.08
- 33
— 88, conn.
0.061 — 08, conn.
~ - comn at 0% = 1GeV?
2 0.04
= l.c. Il
002 33 0.03552(36)  0.03511(36)
88 0.02594(12) 0.02553(12)
08 0.00826(21)
/

0000 ¢ 0.002598) 0.002 19(7)
< o002 | 88 —0.0016(5)  —0.0017(5)
S _ B 08  —0.0030(12)
= — 88, disc. - ’

—0.004 - — 08, disc.
0 1 2 3 4 5 6 7

0’ [GeV?]

E250: physical meson masses, a = 0.064 26(74) fm

le.  Anga(1GeV) = 0.004237(36)(15)(8),
LI, 0.004 148(37)(16)(6)

Marco Ce (HIM, JGU Mainz) hadronic running of electroweak couplings

Ay sin? 0y, (1 GeV) = —0.004 320(32)(33)(4)
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preliminary results — extrapolation to the physical point

M, [MeV]
140 200 240 280 315 340 370 395 420

0.036 + 0.086fm
« 0.076fm
0.034 © 0.064fm
* 0.050fm
0.032
~ 0.030 1
S
= 0028 4
0.026 1"
0.024
0.022 1 2°/dof = 52.13/38 = 1.37

00 01 02 03 04 05 06 07 08
)= 81M;

combined fit of IT3> and ﬁffnn_ at Q2 =1 GeVz, two discretizations each, and M, Mg, leads to

177 =0.0328(4), 1155, =0.0235531) = Aageom @(Q) = 0.00373(4)
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preliminary results — « running at the physical point

at Q2 =1GeV?, the N; =3 value is 4;,,4@(Q) = 0.003 73(4) (connected only)

Marco Cé (HIM, JGU Mainz)

4,42(Q)

0.008

0.007 4

0.006 1

0.005 4

=4
=3
S
E
f

0.003 4
0.002 4
0.001 4

0.000
0

— N; = 3 lattice connected only, preliminary

T T T T T

1 2 3 4 5
0% [GeV?]

hadronic running of electroweak couplings
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https://dx.doi.org/10.1103/PhysRevLett.121.022002

preliminary results — a running at the physical point

0.008

0.007 1

0.006 1

0.005 1

4,42(Q)
o
=)
S
x

0.003 1

0.002 1

0.001 1 — N;=4pheno
— N; =5 pheno

— N; =3 pheno.

0.000 T T T T T
0 1 2 3 4 5
0 [GeV?]
at Q2 =1 GeVz, the N; = 3 value is 4;,4(Q) = 0.003 73(4) (connected only)
® phenomenology gives 4,,4a(Q) = 0.003 49(2)

Marco Ce (HIM, JGU Mainz) hadronic running of electroweak couplings
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https://dx.doi.org/10.1103/PhysRevLett.121.022002

preliminary results — « running at the physical point

0.008
0.007 4
0.006 1
0.005 4
S)
% 0.004
<
0.003 4
0.002 4
— N; = 3 lattice including disc., preliminary
0.001 4 N; = 3 Borsanyi et al. 2018
= N; =3 pheno.
0.000 T T T T T
0 1 2 3 4 5 6
0% [GeV?]

at 0% = 1GeV?, the N; = 3 value is 4,,,4a(Q) = 0.003 68(4)(2)
® phenomenology gives 4,,4a(Q) = 0.003 49(2)
* disconnected contribution —5.0(15) x 107> estimated at a &~ 0.064 fm and physical M,
® independent lattice determination 4, ,4@(Q) = 0.003 59(1)(2)
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https://dx.doi.org/10.1103/PhysRevLett.121.022002

preliminary results — sin’ Oy running at the physical point

0.000

— N; = 3 lattice connected only, preliminary
—0.001 N; = 3 Borsanyi et al. 2018 (connected only)

—-0.002
—0.003

e —0.004

Ayqsin” 04,(Q)

—0.005
—0.006

~0.0071 T

—-0.008
0

1 2 3 4 5 6
07 [GeV?
at Q2 =1GeV?, the N =3valueis A4 sin? 0w (Q) = —0.003 78(4) (connected only)
® independent connected-only lattice determination A4,,,4 sin? 0w (0Q) = —0.003 69(1)(2)
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https://dx.doi.org/10.1103/PhysRevLett.121.022002

conclusions & outlook

a lattice computation of the leading hadronic contribution to the running of a and sin? Ow

with O(1 %) errors

comparable with the phenomenological estimate

including the disconnected contribution, with sub-percent determination

sin? Oy : lattice provides flavor separation = input for the dispersive approach

correction for finite-size effects is essential

extrapolate the disconnected contribution to the physical point

... and the charm contribution

bounding method for small Q2?

we have a new fine (a = 0.050 fm) and light (M, ~ 175 MeV) ensemble
add isospin breaking effects

and other systematics (e. g. scale setting, physical-point extrapolation)

Marco Cé (HIM, JGU Mainz) hadronic running of electroweak couplings 09/13/2019
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https://dx.doi.org/10.1103/PhysRevD.100.014510
https://dx.doi.org/10.22323/1.334.0059

thanks
for your attention!

——> 00— 0<~

questions?
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renormalization and (9(a) improvement

for the local current

V —ZV(1+3bVama"+bVamqf) A

_ a(mg g+2m, ) -\ 2a(m, p—m, )

8 1+3b ma"+bu (_V+f> q, q, N o\ I
(e T Iy s 0
R rydy—t = i+ Gy + dyam? |\Ve Zos 7y )\

al _ 0,1 _ 4,0 .
Vil =vitaca s, VM =V0+ a0,

while for the conserved current
a _ ya cs a 0 _ 1,0 —CS 0
V”’R =V, +acy0yT " VM,R =V, + a(VaOTOM'
= we use only the conserved vector current for the flavor-singlet component, and we set

— P— ~Cs _
fr=0, y=cy &y =cp.
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https://dx.doi.org/10.1103/PhysRevD.73.034504
https://dx.doi.org/10.1103/PhysRevD.99.014519

ensembles
from the CLS initiative

tree-level LUscher-Weisz gauge action, non-perturbatively O(a)-improved Wilson fermions, open BCs in time

Marco Cé (HIM, JGU Mainz)

T/a Lla al[fm] L[fm] m, mg[MeV] m,.L
H101 96 32 0.086 2.8 415 5.8
H102 96 32 2.8 355 440 5.0
H105* 96 32 2.8 280 460 39
N101 128 48 4.1 280 460 5.8
C101* 96 48 4.1 220 470 4.6
B450% 64 32 0.076 24 415 5.1
S400 128 32 2.4 350 440 4.3
N401* 128 48 37 285 460 53
H200 96 32 0.064 2.1 420 4.4
N202 128 48 3.1 410 6.4
N203* 128 48 3.1 345 440 5.4
N200* 128 48 3.1 285 465 4.4
D200* 128 64 4.1 200 480 4.2
E250" 192 96 6.2 130 490 4.1
N300 128 48  0.050 24 420 5.1
N302* 128 48 2.4 345 460 4.2
J303 192 64 32 260 475 4.2

* disconnected contribution available, § periodic BCs in time

hadronic running of electroweak couplings
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https://dx.doi.org/http://dx.doi.org/10.1007/JHEP02(2015)043
https://dx.doi.org/10.1103/PhysRevD.95.074504

preliminary results

0.08

0.06 1

Ji((op]
I
e

0.02 1

0M00

—~

ne?

33

88, conn.
08, conn.
¢, conn.

—0.002 1

-0.004 1 —

— 88, disc.

08, disc.

i 2 3 4 5

0’ [GeV?]

N200: M, = 285MeV, a = 0.06426(74) fm

l.c.
LI

A q2(1GeV) = 0.003 757(11)(2)(0),
0.003 669(11)(2)(0)

Marco Ce (HIM, JGU Mainz)

at 0% = 1 GeV?
lc. LI

33 0.03002(11)  0.02962(11)
88  0.02537(5) 0.02497(5)
08  0.00393(6)

¢ 0.002629(5)  0.002203(5)
88  —0.00039(7)  —0.00039(7)
08 —0.00110(29)

hadronic running of electroweak couplings

Apag sin® By, (1 GeV) = —0.003 882(10)(9)(0)
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finite-size correction

added to the I = 1 correlator G33(¢), with t = (m,[L/4)2/m,[
t < t;: correction from scalar QED / NLO xPT

K+ I
G 1) = G700 = %( L3 Z / 2 )3> = e LT P oy itmy
T

k2

t > t;: correction from GS model of F (w)

61, 00) = / do o p(e?)e™" p(w2>=@(1——) | Fotw)?

0
and the corresponding finite-volume correlator

G¥, L) = Z |An|2e_“’"’ with Lischer's w, and LLs A,
n

note: the connected I = 0 correlator G55 () receives a I = 1 finite-size correction & G>>(#)/3
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https://arxiv.org/abs/1904.03120
https://dx.doi.org/10.1103/PhysRevD.88.054502
https://dx.doi.org/10.1007/JHEP10(2017)020
https://dx.doi.org/10.1103/PhysRevLett.21.244
https://dx.doi.org/10.1016/0550-3213(91)90584-K
https://dx.doi.org/10.1103/PhysRevLett.107.072002

finite-size correction — an example

using the TMR kernel to compute (g — 2),,

i n||HHWWIHWH\Iu |l ” ‘
:;: ..l::n||mum\m\muuw'"““ A

t/a tla
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finite-size correction — an example

using the TMR kernel to compute (g — 2),,

x10710 H200, M, L =44 N202, ML = 6.4
T
", t lattice correlator error
34 -‘ ‘. 4 » scalar QED correction

* GS model correction

i+ il

0 0 10 20 30 40
tla
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fit strategy

)(2 = Z [Uinodel - Utljata]TCd_aL [Uinodel - Uéata]

le{CLS}
where
[ data _ _a / N
am; —4\/_, [2¢
data model 2 c/ 33
Iy o = 1™ (a /10,¢2,¢4, L)
data model 2 33
CAEEA I35, — 17 (a /t0,¢2,¢>4, Y
model data data
amK 4\/— ¢4 ¢2
data model /2 . c,/ 88
HSSC[ H (a /t09¢23¢4, Il,yz ,...)
dat del 2
Hsgalal Hmo e(a /tO’ ¢2’ ¢4? i 2 PR )_

where the general functional form of the model for I1 is

™ (@11, . i Pos 610 7 jo Mis A 9 5) = po + 6t}
+71(dh — D + rr(log ¢ — log ¢9) + 14(dh — ¢N* + mi (P}, — dD* + 1,20, — 35"

note: on SU(3)-symmetric ensembles mS&"® = m3™2, ¢4 =1. 5¢2, e = mgse

Marco Ce (HIM, JGU Mainz) hadronic running of electroweak couplings 09/13/2019
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combined fit at Q2 = 1GeV?, excluding ensembles with L < 2.5fm

M, [MeV]
140 ZQO 24}0 2§0 3}5 34}0 370 3?5 4%0 ! Z,Z

0.036 + 0.086fm H101  2.597
. 0.076fm H102 2.239
0.034 1 . H105 1.066
38:3?2 N101  1.145
0.032 1 : C101 0.643

B450 -

<~ 0.030 $400 -
QU R T e e, e ] N401 6.108

= 0,028 {: ' H200 -
; N202 1.291
0.026 1 @t T T R T T S N203 5.898
N200  2.266
0.024 1 D200 8.612
E250 8.150

0.022 1 N300 -

T T T T T T T T N302 -
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 J303  12.112

$, = 81,M;
x°/dof =52.13/38 = 137, p-value = 0.0631,  IT»  =0.0328(4), I35 =0.02355(31) = Aa = 0.00373(4)

{dh. Bl ), 05 = 0.754(5), py = 0.02516(29), 55" = 0.0126(31), 65" = 0.0106(31), 55" = ~0.005(4), 65 = —0.006(4), f, | = 0.0004(23),
7 =-0.0017(9), ¥ =0.00363(33), 73°=-0.00291(28), 75 =33, ¥ =0002605), n =-00114)
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preliminary results — sin’ Oy running at the physical point

0.000
— N; =3 lattice connected only, preliminary
—0.001 N; = 3 Borsanyi et al. 2018 (connected only)
—0.002 A
@ —0.003
=
<
g —0.004 4
< 0,005
—0.006
~0.007 T
—0.008 T T T T T
0 1 2 3 4 5 6

0% [GeV?]

at Q2 =1GeV?, the N; =3 valueis 4,4 sin® Ow(Q) = —0.003 78(4) (connected only)

® independent connected-only lattice determination 4,,,4 sin? Ow(Q) = —0.003 65(1)(2)

Marco Ce (HIM, JGU Mainz) hadronic running of electroweak couplings
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https://dx.doi.org/10.1103/PhysRevLett.121.022002

preliminary results — sin’ Oy running at the physical point

0.000
— N; =3 lattice including disc., preliminary
—0.001 N; = 3 Borsanyi et al. 2018 (connected only)
= N; =3 pheno.
—0.002 A
@ —0.003
=
<
g —0.004 4
< 0,005
—0.006
—0.007
—0.008 T T T T T
0 1 2 3 4 5 6
0’ [GeV?]

at 0 = 1GeV?, the N; = 3 value is 4y, sin® Oy, (Q) = —0.003 84(4)(3)
® phenomenology gives 4,4 sin® 0w (Q) = —0.00346(4)
* disconnected contribution —5.6(33) x 107> estimated at a ~ 0.064 fm and physical M,
® independent connected-only lattice determination 4; .4 sin’ Ow(Q) = —0.003 65(1)(2)
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